The kinetic interplay between crystal superstructure growth and late-stage liquid phase coarsening in a polymer blend has been examined. By controlling the relative quench depths for liquid-liquid phase separation and crystallization, the growth kinetics of the characteristic length scales of the simultaneous ordering processes show a crossover from crystallization dominated to phase-separation dominated behavior. Based on a scaling argument for late-stage coarsening during spinodal decomposition, we argue that this kinetic crossover is inevitable in a blend for which the critical temperature of liquid-liquid phase separation is well above the equilibrium melting temperature of the blend.
INTRODUCTION
Although critical phenomena and phase separation in binary mixtures have been well studied and are reasonably well understood, the complexity of the interplay between liquid-liquid phase separation ͑LLPS͒ and another phase transition such as crystallization remains largely unexplored. 1 In a binary liquid mixture in which one component crystallizes upon cooling, a quantitative understanding of the kinetics of the simultaneous ordering processes of solidification and macroscopic phase separation has yet to be achieved. For example, both LLPS and crystallization of polymers have been studied extensively during the last 5 decades, 2, 3 but studies that focus on the interplay between these two transitions are limited. Because of the slow kinetics associated with long-chain macromolecules, polymers are particularly well suited for this purpose, and the interplay of crystallization and LLPS in polymer blends has attracted much interest recently, 4, 5 due in part to the great practical importance of crystallizing polymer blends. Although most studies have focused on identifying the existence of LLPS through scattering measurements [6] [7] [8] or morphological studies, [8] [9] [10] the structures and dynamics that can arise from kinetic competition between LLPS and crystallization have received relatively limited attention, and several previous studies show that LLPS precedes crystallization in the unstable regime, with crystallization then occurring within the phase-separated medium. [11] [12] [13] [14] Although interesting morphologies and phenomenological models have been reported, a quantification of the ordering kinetics, particularly for critical blends within the unstable region of the phase diagram, is somewhat lacking. In this paper, we focus on the kinetics of closely conjugated solidification and phase separation in polyolefin blends. We observe a crossover from crystallization dominated to phase-separation dominated kinetics, and we suggest, based on a scaling law for late-stage spinodal decomposition, that such a kinetic crossover is ubiquitous for blends in which the critical temperature of liquid-liquid phase separation is above the equilibrium melting temperature.
EXPERIMENT
The materials are statistical copolymers of ethylene/ hexene ͑PEH͒ ͑M w ϭ110 kg/mol, 2 mol % hexene comonomer͒ and ethylene/butene ͑PEB͒ ͑M w ϭ70 kg/mol, 15 mol % butene comonomer͒. 15 They are both synthesized with metallocene catalysts, and have relatively narrow polydispersity ͑ϳ2͒ and uniform comonomer distribution. 16 The phase diagram of the PEH/PEB blend has been determined previously 16 and is shown in Fig. 1 . The solid circles are measured LLPS temperatures at each composition, while the binodal and spinodal boundaries, shown as solid and dash lines, respectively, are calculated using Flory-Huggins formalism. 16 The blend exhibits an upper critical solution temperature ͑UCST͒ at T cri ϭ146°C and cri ϭ0.44 in the melt. The open triangles are the measured equilibrium melting temperature, T m 0 , as a function of composition, 17 and the dotted line is a guide to the eye. The equilibrium melting temperature, T m 0 , of PEH is 140Ϯ3°C, 17 which is much higher than the melting temperature of PEB, ca. 40°C, as measured by a single differential scanning calorimetry scan with a scan rate of 10°C/min. In the scope of this study, PEB can be considered as an essentially amorphous component.
Equal amounts by mass of PEH and PEB were dissolved in a common xylene solution at ca. 100°C and then coprecipitated by quenching into cold methanol at ca. 0°C. After filtering, the polymers were dried in air for a day, and further dried in a vacuum oven at 100°C for 3 days. Samples of a critical PEH/PEB blend, 50/50 by mass, denoted as H50, were hot-pressed between two glass plates at 160°C to form films of ca. 20 m thickness. For optical microscopy studies, the samples were kept in the melt at 160°C for 5 min and a͒ Author to whom correspondence should be addressed. 18 The scattering pattern was imaged on a screen behind the analyzer and recorded with a high resolution CCD camera, with a q-range spanning from 0.05 to 1.8 m Ϫ1 . Phase-contrast optical microscopy was used to image the LLPS morphology that evolves as a function of time after storing samples at 130°C following melting at 160°C. The variation of the isothermal temperature was within Ϯ0.2°C. Figure 2 shows optical micrographs of the blend after isothermal crystallization ͑left column͒ for 10 min at 112°C ͓Fig. 2͑a͔͒, 480 min at 115°C ͓Fig. 2͑c͔͒, and 1200 min at 121°C ͓Fig. 2͑e͔͒. The samples were subsequently quenched to room temperature ͑right column͒ after 64 min at 112°C ͓Fig. 2͑b͔͒, 960 min at 115°C ͓Fig. 2͑d͔͒, and 1200 min at 121°C ͓Fig. 2͑f͔͒. The scale bar in the lower left corner is 20 m. Figure 2͑a͒ shows that spherulites grow and impinge upon each other, with crystallization being the dominant phase-ordering process. Upon cooling, radial features become less well defined due to further solidification of the segregated liquid phases. The light sheaflike features in Fig.  2͑c͒ are early-stage spherulites that grow mostly during the first 60 min of the isothermal annealing. At a later time, crystal growth at that temperature is suppressed, and subsequent morphological change is mostly limited to the matrix region. This becomes more evident after quenching ͓Fig. 2͑d͔͒. Proceeding higher, T c ϭ121°C, small crystals ͑evident as white domains͒ are seen sparsely distributed within the sample after 1200 min ͓Fig. 2͑e͔͒. Upon quenching to room temperature, the bicontinuous morphology due to LLPS becomes evident due to crystallization in the matrix ͓Fig. 2͑f͔͒.
RESULTS AND DISCUSSION
The equilibrium melting temperature, T m 0 , of H50 is 127°C, as shown in Fig. 1 . 17 The degree of undercooling for T c ϭ115°C and ␦Tϭ0.03, crystallization is prominent at the early times when the blend is relatively homogeneous in composition. As crystals grow, liquid-liquid phase separation proceeds in the matrix, resulting in a composition variation that is larger in both wavelength and amplitude. The high barrier of the depleted region due to composition inhomogeneity prohibits incipient spherulites from maturing into spherical shapes. Similar cessation of spherulitic growth in a phase-separating medium has been reported previously. 19 Further crystallization occurs within phase-separated, bicontinuous tubes. Due to the nearly identical refractive indices of the two polymer components in the melt, the LLPS morphology is not readily observed with bright-field optical microscopy at elevated temperatures. At small undercooling (T c ϭ121°C and ␦Tϭ0.015͒, crystallization proceeds very slowly, and the growth of phase-separated domains is the faster process. Crystallization is thus mainly confined to the PEH-rich regions of the already established liquid-liquid separated domains. After quenching, the crystallizable component in both of the coexisting liquid phases crystallizes, resulting in markedly different refractive indices and significant optical contrast between the two phases.
The observations in real space are also verified in reciprocal space by SALS. Figure 3 shows the cross-polarized 
FIG. 2. Optical micrographs of H50
showing isothermal crystallization on the hot stage ͑left column͒ after 10 min at 112°C ͑a͒, 480 min at 115°C ͑c͒, and 1200 min at 121°C ͑e͒, and after a quench to room temperature ͑right column͒ after 64 min at 112°C ͑b͒, 960 min at 115°C ͑d͒, and 1200 min at 121°C ͑f͒. The scale bar at the bottom left is 20 m.
(H v ) ͑left column͒ and parallel-polarized (V v ) ͑right column͒ light scattering pattern for the H50 blend after isothermal crystallization at 112°C ͑a͒ and ͑b͒, 115°C ͑c͒ and ͑d͒, and 121°C ͑e͒ and ͑f͒ and subsequent quenching to room temperature. The fourfold symmetry in the H v pattern ͓Fig. 3͑a͔͒ and the twofold symmetry in V v pattern ͓Fig. 3͑b͔͒ indicate well-defined spherulites grown at 112°C ͓Fig. 2͑a͔͒. The H v pattern at 121°C shows little scattering ͓Fig. 3͑e͔͒, suggesting a lack of spherulitic ordering, whereas the isotropic V v pattern ͓Fig. 3͑f͔͒ indicates that liquid-liquid phase separation dominates the morphological development. These represent two extremes for crystallization dominated and phase-separation dominated behaviors, respectively. For T c ϭ115°C, the H v pattern is very diffuse ͓Fig. 3͑c͔͒, suggesting only weak spherulitic ordering; whereas the V v pattern shows a mixture of a twofold spherulitic symmetry and an isotropic spinodal ring ͓Fig. 3͑d͔͒, consistent with the morphology shown in Fig. 2͑d͒ .
Previously, optical contrast resulting from crystallization in the segregated liquid phases has been employed to measure the phase diagram. 16 This indirect technique provides a quick and sensitive determination of the phase boundary, but it is not sufficient for a measurement of the LLPS kinetics, which requires a direct probe of the liquid-liquid domains. Figure 4 shows phase-contrast optical micrographs of the H50 blend stored at 130°C for ͑a͒ 135 min, ͑b͒ 255 min, ͑c͒ 495 min, and ͑d͒ 1035 min, respectively. Spinodal decomposition is evident as bicontinuous, interconnected PEH-rich and PEH-poor phases that coarsen with time. The characteristic length scale, l(t), for the phase-separation process is obtained from these images via a fast-Fourier-transform ͑FFT͒ analysis. The 2D FFT images are shown as insets in Fig. 4 . Radially averaged profiles give the predominant wave vector, q m , with lϭ2/q m , which grows linearly with time, lϰt ͑see inset of Fig. 6͒ . We should emphasize that the small optical contrast between PEH and PEB limits this analysis to relatively late times, where the LLPS domains are relatively large and well defined.
As an approximation, crystallization and phase separation can be considered as independent processes. The earlystage kinetics of spinodal decomposition first described by Cahn and Hilliard 20 is not the main concern in the current study. Rather, late-stage spinodal decomposition, where hydrodynamic forces drive the coarsening, 21 is the relevant growth process. In this late-stage regime, the phasecoarsening kinetics follows the simple growth law:
where and are the interfacial tension between the coexisting phases and the effective viscosity of the fluid, respectively, and t is the time following a quench into the unstable region of the phase diagram. For a critical binary fluid, dimensional analysis suggests
where k B is the Boltzmann constant, dϭ3 is the spatial dimension, and is the thermal correlation length. The temperature dependence of the correlation length, ϭ͓(T cri ϪT)/T cri ͔ Ϫv , leads to a surface tension, , that roughly scales as ͓(T cri ϪT)/T cri ͔ (dϪ1)v . For high-molecular-weight polymer mixtures far from the critical point, the exponent v is approximately 0.5.
2 If the viscosities of the two components are similar and the temperature range of interest is small ͑on an absolute scale͒ and well above the glass transition temperatures (T g ϷϪ40°C), can be approximated as a constant, and the growth rate of the liquid phases is lЈϷl/tϰ͑T cri ϪT ͒/T cri . ͑3͒
As described above, the crystallization kinetics can be measured using bright-field optical microscopy. Figure 5 shows a log-log plot of the time evolution of the average spherulite diameter, D sph , in the H50 blend for various isothermal crystallization temperatures. Initially, the spherulites grow linearly with time because the melt is mostly homogeneous, and a semilogarithmic plot of early-time linear growth rate, G, for each temperature is shown in the inset. A kink in log G(T c ) separates a high-temperature regime ͑regime I͒ and a low-temperature regime ͑regime II͒, indicating a crossover in the crystallization kinetics. 22 The crystal growth rate depends on the crystallization mechanism. In regime I, single crystal nucleation at a crystal surface causes layer-by-layer growth, whereas in regime II, because of the large secondary nucleation rate at high undercooling, multiple nuclei exist on the same crystallization surface. A unified formalism gives the growth rate as
where the subscript i denotes I or II ͑for regime I or II͒, ⌬T is the difference between T m 0 ϭ127°C and T c , k and R are molecular and thermal constants, respectively, Q D * is the activation energy for steady-state reptation, and K g is the nucleation constant. 22 By fitting the data in Fig. 5 , K g,I and K g,II are found to be (1.3Ϯ0.2)ϫ10 5 K 2 and (1.1Ϯ0.1) ϫ10 5 K 2 , respectively, suggesting that the approximate relationship K g,I Ϸ2K g,II ͑Ref. 22͒ does not apply to crystallization in the blend under consideration. The uncertainty in T m 0 does not alter either the regime assignment or the K g relationship.
Based on the above arguments, the growth rates of the two ordering processes are shown in Fig. 6 . The solid and dashed lines depict the rate of crystal superstructure growth and phase coarsening, respectively. The crystallization growth rate is the measured value depicted in Fig. 5 , while the growth rate for phase separation is estimated from the scaling law described above, with the coefficient of proportionality given by fitting the measured l(t) at 130°C, as shown in the inset of Fig. 6 . Using the proportionality constant of 0.1 in the Eq. ͑1͒ as suggested by Siggia in his original paper, 21 an average zero-shear viscosity of 10 5 Pa s for the blend at 130°C, and a typical interfacial tension of 0.1 mN/m for polyolefins, the growth rate lЈ for phase coarsening is estimated to be 10 Ϫ4 m/s, consistent with that shown in Fig. 6 . The crystallization growth rate varies dramatically over a temperature window of 20 K below T m 0 , and diminishes near T m 0 of the H50 blend. On the other hand, the implied variation in the phase-separation kinetics over the same temperature range is much less dramatic, although it rapidly diminishes near criticality. Interestingly, the crossover temperature suggested by these qualitative physical arguments (T co Ϸ118°C) is consistent with the experimental observations. It is obvious from Fig. 6 that such a kinetic crossover is ubiquitous for blends in which the critical temperature of liquid-liquid phase separation is above the equilibrium melting temperature.
At very early time upon quenching a homogeneous blend into a regime of simultaneous spinodal decomposition and crystallization, the former dominates because the composition fluctuations are inherently unstable, and the growth process does not require overcoming an energy barrier, as is always the case for crystallization. 23 In this paper, however, we discuss mainly the competition between the development of crystal superstructure and late-stage phase coarsening. In other words, we compare length scales of crystals and phaseseparated liquid domains at late stages of development.
The phenomenological argument given above is rather simple and straightforward. The microscopic picture, however, can be more complicated. During simultaneous LLPS and crystallization, the crystal front is a zone that is depleted in the crystallizable species and rich in the noncrystallizable ones, which include most of the PEB polymer and sidechain-enriched PEH. At large undercooling, crystals grow very fast by taking in the short polyethylene segments while expelling the noncrystallizable chains in the interlamellar stack region. Crystal growth sweeps through the phase separating medium, including the PEB rich regions, and fills the entire volume, resulting in a spherulitic-growth dominated morphology. At smaller undercoolings, more PEH chain segments become noncrystallizable, and slower crystallization allows the ejection of the noncrystallizable component outside of the lamellar stacks, further widening the depletion zone at the crystal front. With both a decrease in the driving force and an increase in the energetic barrier for chains to diffuse across the depletion zone, the spherulites can cease to grow at later times, with further crystallization occurring mainly in PEH-rich domains of the phase-separated matrix. At even smaller undercoolings, crystallization involves only a very small portion of the chains, and the slow kinetics and limited crystallinity allow LLPS to develop.
The above picture is very different from a previous morphology study on the interplay between liquid demixing and crystallization in polypropylene and ethylene-propylenen colpolymer mixture. 24 In that study, the main focus was on crystallization in phase separated blends that were not initially in a thermodynamically miscible state; furthermore, only crystals arresting liquid coarsening occurred, not the other way around. A phenomenologically relevant study shows that in dual crystallization and phase separation in binary colloidal mixtures following a single quench, phase separation is the prerequisite for crystallization. 25 We should also point out that the shape of the growth rate curve for LLPS will deviate dramatically from that shown in Fig. 6 for temperatures below the crossover point, since the hydrodynamics of the liquid phase coarsening will be drastically altered by the onset of crystalline order. This effect is apparent in Figs. 2͑e͒ and 2͑f͒ , where kinetic trapping for crystallization and phase separation is mutual, as the morphology that develops from each process limits the growth of the other. From another perspective, the rheological consequences of crystallization can be compared to a gelation transition 26 and vitrification 27 of the fluid dynamics.
CONCLUSION
By combining real-space observation and small-angle light scattering, we have shown that in a simultaneously crystallizing and phase separating polymer blend, after an initial transient stage, the morphology development exhibits a crossover from crystal superstructure dominated to liquid phase-coarsening dominated behavior based on the relative quench depth for the two ordering processes. The corresponding morphology is volume-filling spherulites for the former and bicontinuous, interconnected tubes for the latter. This crossover, which is observed experimentally, is shown to be inevitable based on a simple scaling argument for uncoupled late-stage spinodal decomposition and crystallization. This simple argument, however, does not account for the complexity involved in the crystallization of short-chain branched polymers, which is conceptually different from model colloidal mixtures or small-molecule systems, and it does not account for coupling between the two processes associated with dramatic rheological changes in the coarsening LLPS domains upon crystallization.
